Energy expenditure in children of lean and obese parents. Am. J. Physiol. 268 (Endocrinol.
Metab. 31): E917-E924,1995.-We evaluated whether children of obese parents have defects in energy expenditure in a study of 73 children (5 2 0.9 yr of age) of lean and obese parents. Total energy expenditure (TEE) was measured over 14 days by use of doubly labeled water and physical activity energy expenditure (AEE) derived by subtracting resting energy expenditure (REE) under postprandial conditions. Fat and fat-free mass (FFM) were measured in children and parents with use of bioelectrical resistance. There were no significant correlations between TEE, REE, or AEE in children (after adjustment for FFM) and body fat in children or body fat in mothers or fathers. In three-way analysis of covariance (ANCOVA, with FFM as a covariate), there were no significant effects of gender in children, obesity in mothers, or obesity in fathers on TEE or AEE in children. There was a significant effect of gender and a significant interaction between obesity in mothers and obesity in fathers on REE; relative to children with two nonobese or two obese parents, REE was -6% lower in children when mothers only or fathers only were obese. In conclusion, our data do not support the hypothesis that children of obese parents have major defects in energy expenditure. obesity; physical activity; parental influence ALTHOUGHTHEPATHOGENESIS ofobesityremainselusive, the condition must be the end result of an imbalance between energy intake and energy expenditure. Several studies suggest that obesity may develop as a result of reduced energy expenditure. This hypothesis is difficult to assess, however, for several reasons. First, long-term prospective studies are required to evaluate the development of obesity over time. Second, the components of daily energy expenditure are difficult to measure, particularly in an unobtrusive and noninvasive manner. With these limitations, some studies have examined whether a reduced energy expenditure is involved in the mechanism for the development of obesity.
In adults, there are several studies of resting energy expenditure and subsequent weight gain. In a study of 775 lean and obese men, Seidell et al. (27) found no link between resting energy expenditure and weight gain over 10 yr. In a long-term study of postobese and never-obese women, Weinsier et al. (30) were unable to demonstrate a significant relationship between resting energy expenditure and subsequent weight gain. In obese and nonobese Pima Indians, Ravussin et al. (20a) showed that resting energy expenditure was not related to 2-to 4-yr rate of weight gain (r = -0.15, P > 0.05), whereas 24-h energy expenditure in a metabolic chamber was negatively related to rate of subsequent weight gain (r = -0.39, P < 0.001). With use of the doubly labeled water technique, several cross-sectional studies in adults (16, 21, 32) and adolescents (l), as well as a metaanalysis (2), suggest that once the obese state is reached, absolute total energy expenditure is actually higher in the obese and is similar between lean and obese after normalization for differences in body size. However, other studies have demonstrated a significant negative relationship between total energy expenditure (and physical activity-related energy expenditure) and body fatness in healthy elderly Caucasian men (24) and in Pima adults (22).
One major limitation in performing studies in the already obese state is that a static physiological state is being examined. Thus several studies have been performed in growing infants and children. Specifically, offspring of obese parents have been examined, because they may represent a model of the "preobese" state on the basis of the fact that 80% of children with obese parents develop obesity (6). By use of heart rate monitoring, estimated total energy expenditure was 22% lower in children who had at least one parent with a history of obesity than in children with two parents who had no history of obesity ( 1,174 t 297 vs. 1,508 t 352 kcal/day, P < O.Ol), even though the two groups of children were matched for weight and lean body mass. A similar difference in resting energy expenditure by indirect calorimetry was noted (999 t 146 vs. 1,183 t 184 kcal/day, P < 0.05). Roberts et al. (23) applied the doubly labeled water technique to examine energy expenditure in infants born to underweight (prepregnancy weight below the 10th percentile) or overweight (prepregnancy weight above the 90th percentile) mothers. Total energy expenditure at 3 mo of age was 20% lower in six of the infants who became overweight after 1 yr than in the remaining infants (61.2 t 6.5 vs. 77.2 t 3.4 kcal kg-l l day-l, P < O.OS), with no difference in resting energy expenditure.
Although the aforementioned studies provide strong evidence that the preobese state involves alterations in energy expenditure, the issue is far from resolved, given the conflicting findings and limitations of previously performed cross-sectional studies. With the limitation of the cross-sectional design employed, the objectives of the current study were therefore 1) to examine whether energy expenditure components in young children (total, resting, and physical activity related) are crosssectionally related to their body fatness, 2) to examine whether energy expenditure components in young children (total, resting, and physical activity related) are associated with parental fatness, and 3) to propose an explanation of the discordant findings in the literature E918 EE AND OBESITY that have examined the relationship between energy energy expenditure and body composition and the collection of expenditure and body fatness.
two additional urine samples.
METHODS
Subjects. The subjects in this study included a total of 73 children aged 4-7 yr from 55 families. Body composition data were collected from both parents. Eighteen of the families had two children in the study, and the remaining families had one child in the study. Children and parents were recruited by newspaper advertisements and word of mouth. AI1 subjects in the study were of Caucasian descent and lived in Burlington, VT, and the surrounding area (predominantly Chittenden County). There were no major inclusion/exclusion criteria other than the absence of major illness since birth. We previously reported energy expenditure and body composition data in some of these children (7-9,ll).
The children were recruited into the following four groups: 1) nonobese mother, nonobese father, 2) obese father, nonobese mother, 3) obese mother, nonobese father, and 4) obese father, obese mother. For recruitment purposes, obesity was defined in parents as a body mass index above the 85th percentile for age and gender (19) and nonobesity as a body mass index below the 85th percentile for age and gender. The children were therefore intentionally recruited to provide a balanced mixture of obese phenotypes and, by design, do not necessarily reflect a random sample of the population. A description of the final sample size in each of these groups with additional information on gender is given in Table 1 . AI1 studies were performed during the school year, but not during the winter months (December to February). The nature, purpose, and possible risks of the study were carefully explained to both parents before consent to participate was obtained. The experimental protocol was approved by the Committee on Human Research for the Medical Sciences of the University of Vermont.
Measurement
of energy expenditure components. Postprandial resting energy expenditure (2-3 h after the children consumed their usual breakfast at home) was measured in duplicate (14 days apart) in children by indirect calorimetry with use of a portable Deltatrac metabolic monitor, as previously described (7). Postprandial resting energy expenditure, rather than the typical 12-h postabsorptive energy expenditure, was measured because, on the basis of our experience, young children become easily agitated and do not relax well after an extended overnight fast, introducing more noise to the measurement.
In fact, we have shown that the correlation between resting energy expenditure and fat-free mass is weaker when measurements are performed upon awakening after a 12-h fast (r = 0.64, P = 0.003) than when measurements are performed under postprandial conditions (r = 0.88, P < O.OOOl), presumably because of increased measurement noise from movement /stress during measurements performed under fasting conditions (unpublished data). Therefore our measurements of resting energy expenditure include, by design, the additional energy cost of meal-induced thermogenesis. We previously showed that measurement of resting energy expenditure with use of the postprandial protocol is highly reliable (intraclass correlation coefficient = 0.91) for repeat measures 14 days apart (7) and on average 11% higher than when measured under the typical postabsorptive conditions (unpublished data).
GeneraZ outLine ofprotocol.
All studies were performed at the Obesity/Nutrition
Research Center at the University of Vermont. On the evening before testing, children came to the laboratory for collection of baseline urine samples and oral dosing with doubly labeled water and familiarization with the investigators and testing equipment. On the following morning, the children and their parents were asked to consume their usual breakfast at home before coming to the laboratory. The following tests were performed in children and both parents: body composition by bioelectrical impedance, anthropometrics, and vital signs. Resting energy expenditure was measured in duplicate in children by indirect calorimetry. Total energy expenditure was measured in children with use of doubly labeled water. Testing was completed by noon. Family members were unaware that total energy expenditure was being measured in the children over the subsequent 14 days, inasmuch as they were informed that the oral dose of doubly labeled water and urine collections were for measurement of body composition.
The children returned to the laboratory 2 wk after initial testing for repeated measurement of resting
Total energy expenditure was measured over 14 days under free-living conditions with the doubly labeled water technique, as previously described (7). Briefly, four timed urine samples were collected after oral dosing with doubly labeled water: two on the morning after dosing and two in the morning 14 days later with a loading dose of 0.15 g of HzlsO and 0.12 g of 2H20 per kilogram of body mass. Samples were analyzed in triplicate for H21s0 and 2H20 by isotope ratio mass spectrometry at the Biomedical Mass Spectrometry Facility at the University of Vermont, as previously described (7). We previously showed that this protocol has a theoretical precision of < 5%. Equation R2 of Speakman et al. (28) was used to derive CO2 production rate with use of the group mean deuterium-to-l80 dilution space ratio, which was 1.033 * 0.03 in these 73 children (no significant difference between genders). CO2 production rate was converted to energy expenditure with use of Eq. 12 of de Weir (4) and the mean value for the food quotient of the children's diet (0.90) from a food frequency questionnaire (33). Physical activity-related energy expenditure was estimated from the difference between total energy expenditure and postprandial resting energy expenditure. In addition, qualitative information on physical activity patterns were estimated using the structured activity questionnaire of Kriska et al. (14) . Mothers were interviewed in the presence of the child. The questionnaire is designed to assess hours per day sleeping, viewing television, and performing various recreational physical activities. Second, our data were ultimately analyzed using ANCOVA to control for the effects of fat-free mass. If the fat-free mass data based on total body water had been used in this procedure, total energy expenditure and fat-free (8), and with the assumption of a hydration constant of 73% in adults (20) . Fat mass was derived from the difference between body weight and fat-free mass.
Regional body fat distribution was assessed from the waistto-hip ratio in adults and the ratio of trunk skinfolds (axilla, chest, and abdomen) to extremity skinfolds (triceps, calf, and thigh) in children. Skinfold thickness was measured according to the procedures of Lohman et al. (18), in which three measurements were averaged for each site. All skinfold measurements were performed with the same pair of skinfold calipers by the same research assistant. We previously showed in children that individual trunk skinfolds or the ratio of trunk skinfolds to extremity skinfolds is significantly correlated with intra-abdominal adipose tissue area, as measured by computerized tomography imaging, whereas the waist-to-hip ratio is not (10). Weight-for-height z scores were determined for all children with use of the program Epi Info (version 5, distributed by USD, Stone Mountain, GA), which uses data from National Health and Nutrition Education Survey II as a reference population.
Statistics. Data are presented as means t SD, unless stated otherwise. Dependent variables (i.e., energy expenditure components in children) were controlled for independent variables (e.g., fat-free mass) with use of a regression model (29). Before this procedure was implemented, homogeneity of regression slopes was established.
Energy expenditure data in children were analyzed as a function of their fatness and parental fatness in two ways. In the first approach, a three-way ANCOVA model was used with examination of type III errors. The grouping variables were gender in children, maternal obesity, and paternal obesity, and the covariate was fat-free mass in children. In the second approach, partial correlations were examined between energy expenditure components in children (after the effects of fat-free mass were partialed out) and obesity indexes in children and parents. The obesity indexes included fat mass, percent body fat, waist-to-hip ratio (as an index of fat distribution in parents), and the ratio of trunk to extremity skinfolds (as an index of fat distribution in children). Because our sample included 18 sets of parents with two children, the data were analyzed twice for each statistical approach. All children were included in the first analysis. The data were then reanalyzed with only one child per family by randomly selecting one of the two "multiple children" and deleting them from the analysis. All statistical and data manipulations were performed on a personal microcomputer with Quattro for Windows (Borland International, Scotts valley, CA), Lotus l-2-3 (Lotus, Cambridge, MA), or SAS for Windows (SAS, Cary, NC).
RESULTS
Data are presented for a total of 73 children from 55 families. The sample sizes for each of the four groups of children are shown in Table 1 with a breakdown by gender. Also shown in Table 1 are the sample sizes when only one child per family was considered in the analysis. Subject characteristics are shown in Table 2 . The mean values of these characteristics were not significantly different in the subgroup of 55 children with only one child appearing per family. Table 3 outlines the mean physical characteristics and obesity indexes of the parents.
To establish a covariate to normalize energy expenditure in children, we examined Pearson correlation coefficients. Table 4 summarizes the correlations between energy expenditure components and subject characteristics. For total, resting, and activity-related energy expenditure, the highest correlation was with fat-free mass. Thus fat-free mass was considered as the primary covariate for normalizing energy expenditure components. After each of the energy expenditure components for fat-free mass was controlled, there was no significant correlation with any of the characteristics listed in Table  4 .
The results of the three-way ANCOVA are shown in Fig. 1 , which summarizes energy expenditure components (means t SE) in each of the four groups by gender after adjustment for fat-free mass. For resting energy expenditure, we observed a significant gender effect, as previously reported (9), and a significant interaction between obesity in mothers and obesity in fathers (P < 0.005). The significant interaction between obesity in mothers and obesity in fathers persisted when gender was included in the model as a covariate rather than an effect. Mean resting energy expenditure adjusted for fat-free mass and gender in the four groups of children was as follows: 1,098 kcal/day (nonobese mother, nonobese father), 1,039 kcal/day (obese father, nonobese the mother was obese or only the father was obese, but not when both parents were obese. For physical activityrelated energy expenditure, there were no significant effects. For total energy expenditure, there were no significant effects, although the effect of gender approached significance (P = 0.07). Similar results were observed when data from the subgroup of 55 children were analyzed in the same way.
Partial correlations were assessed to examine the relationship between energy expenditure components in children (covarying for fat-free mass) and body fat indexes in children and parents. There were no significant correlations between any of the energy expenditure components (controlled for fat-free mass) and fat mass, percent body fat, or fat distribution in the children, mothers, or fathers. There were also no significant partial correlations when only the subset of 55 children was analyzed and when gender in children was included as a covariate. The lack of correlation between energy expenditure components in children (adjusted for fatfree mass) and fatness in children, mothers, and fathers is shown in Figs. 2-4.
DISCUSSION
The major objective of this study was to reevaluate the hypothesis that children of obese parents have reduced levels of energy expenditure, thus placing them at higher risk of developing obesity. This concept was put forth by the landmark studies of Griffiths and Payne The study of Griffiths and Payne (12) was the first to suggest a defect in energy expenditure in preobese children. However, we believe that the study of Griffiths and Payne should be interpreted with caution for several reasons. First, the sample size was low (8 children with > 1 obese parent and 12 control children). Second, the heart rate method used to estimate total energy expenditure is not ideal. Standard methods for calibrating heart rate with energy expenditure (or O2 consumption) are not reliable (3). When heart rate monitoring was compared with the doubly labeled water method in children, the techniques compared well on a group basis, but the discrepancy between the two techniques ranged from -22.2 to +52.1% (17). In addition, subjects wearing heart rate monitors are aware that activity is being monitored, and behavior may be modified. Third, body composition was estimated in children from skinfolds (which may be comparable to bioelectrical impedance) and was not measured in parents. Finally, the hypothesis that reduced energy expenditure is a risk factor for further weight gain was never demonstrated, because it is not known whether the children with lower energy expenditure actually became obese in later years. In fact, in a later study reporting 123~ prospective data, parental obesity failed to predict the development of adiposity in boys (13). Furthermore energy intake in young girls (but not young boys) predicted the development of obesity. Thus the longitudinal data do not support the original hypothesis and suggest that energy intake may be more important in the development of obesity. However, the food intake data should also be interpreted with caution on the basis of the inaccuracies of selfreported energy intake data, particularly in obese individuals (25).
In a further attempt to reconcile the discrepant findings, our present data were reanalyzed to simulate the previous study of Griffiths and Payne (12). Two groups of children were selected from our data to match the groups studied by Griffiths and Payne: control children (i.e., no obese parents) and preobese children (i.e., > 1 obese parent), with children in the lower and upper 20th percentile for weight-for-height and children >6 yr of age excluded. New subgroups of control children (n = 7) and a subgroup of preobese children (n = 15) were created. As shown in Table 5 , there were no significant differences in age, weight, height, fat-free mass, or percent body fat between these two subsets. Furthermore, age, weight, and height of the children in the subanalysis from the present study were very similar to those reported by Griffiths and Payne, although the children from the current study were slightly fatter. As shown in Table 5 , there were still no significant differences in any component of energy expenditure between the two new subsets of children. Table 5 also shows that all components of energy expenditure are similar in control children (i.e., children with 2 lean parents) from the two experiments, and the major difference between the two studies is the lower total energy expenditure in the preobese children of Griffiths and Payne (1,174 k&/day) than in similarly defined excess weight in the first 3 mo of life. This low sample size is a major concern, because two of the infants were outliers with an energy expenditure below the expected physiological range.
The only novel positive finding from this study was the significant interaction effect between obesity in mothers and obesity in fathers on resting energy expenditure.
This effect remained apparent when energy expenditure was adjusted for fat and fat-free mass, as well as gender. This effect shows that resting energy expenditure (adjusted for fat-free mass) was significantly lower by -50 kcal/day in children when only the mother was obese or only the father was obese, but not when both parents were obese. We currently have no explanation for this unusual finding. The significance of this finding with regard to susceptibility for weight gain is also unclear, because 1) no such effect was shown for total energy expenditure (perhaps because of weaker measurement sensitivity) and 2) it is unknown whether energy intake is different, leading to an energy imbalance. Nevertheless a continuous energy imbalance of 50 kcal/day could explain the development of obesity in children.
In the most simplistic and extreme case, a negative energy balance of 50 kcal/day stored entirely as fat would lead to a weight gain of 2 kg/yr, and for a lo-yr-old boy, there is a difference in body weight of 10 kg between the 50th and 90th percentile of body weight for age. However, as previously discussed, the effects of small energy imbalances on weight gain are confounded by concurrent changes in body composition, increased energy requirements for weight gain, and the energy cost of tissue deposition (31). With use of complex mathematical modeling, it is estimated that an energy imbalance of 50 kcal/day in a 50-kg woman will lead to a weight gain of only 3.1 kg over 4.5 yr (31 expenditure is unclear and requires further studies to evaluate subsequent weight gain.
We were surprised by the lack of a relationship between energy expenditure and obesity and performed many other types of data analysis to determine whether an effect could be observed. Interestingly,
we were able to demonstrate a significant inverse correlation between total energy expenditure (divided by body weight) and fat mass in children (r = -0.44, P < 0.001). However, we believe that this correlation is artificial and is a reflection of the relationship between body weight and is body fat (r = 0.60 in this study). To demonstrate this phenomenon, using the random-number generator of Quattro pro for windows, we generated a random set of normally distributed numbers with a mean and standard deviation equal to that of total energy expenditure in the 73 children in the data set (1,467 t 334 kcal/day). When the random number assigned to each child was divided by actual body weight, a significant inverse relationship with fat mass was observed (r = -0.43, P < O.OOl), similar to that observed when total energy expenditure was divided by body weight and correlated with fat mass (Fig. 5) . The random-number procedure was repeated 100 times, and a significant inverse correlation (P < 0.05) was observed 90% of the time (r = -0.24 to -0.50). This phenomenon may explain why in other studies in which energy expenditure was normalized for body weight, an inverse relationship between energy expenditure and obesity was observed (22, 24, 26). We therefore suggest that previously reported inverse relationships between energy expenditure and obesity are due to spurious correlations and that normalizing variables in these types of studies should be selected with caution.
In summary, we find no evidence in favor of a major defect in energy expenditure in children of obese parents. We have attempted to explain the discordant findings in the literature relating to this issue and suggest that previous studies should be interpreted cautiously because of possible methodological and statistical limitations.
In the present study, we have paid particular attention to these issues and have performed extensive pilot studies to establish the necessary techniques in children (8-l 1). However, our findings do not discount the possibility that energy expenditure in young children may be related to prospective changes in body composition during growth and development, and further longitudinal studies are warranted. 
